Patients with diabetes and other obesity-linked conditions have increased susceptibility to cardiovascular disorders 1 . The adipocytokine adiponectin is decreased in patients with obesitylinked diseases 2 . Here, we found that pressure overload in adiponectin-deficient mice resulted in enhanced concentric cardiac hypertrophy and increased mortality that was associated with increased extracellular signal-regulated kinase (ERK) and diminished AMP-activated protein kinase (AMPK) signaling in the myocardium. Adenovirus-mediated supplemention of adiponectin attenuated cardiac hypertrophy in response to pressure overload in adiponectin-deficient, wild-type and diabetic db/db mice. In cultures of cardiac myocytes, adiponectin activated AMPK and inhibited agonist-stimulated hypertrophy and ERK activation. Transduction with a dominant-negative form of AMPK reversed these effects, suggesting that adiponectin inhibits hypertrophic signaling in the myocardium through activation of AMPK signaling. Adiponectin may have utility for the treatment of hypertrophic cardiomyopathy associated with diabetes and other obesity-related diseases.
Patients with diabetes and other obesity-linked conditions have increased susceptibility to cardiovascular disorders 1 . The adipocytokine adiponectin is decreased in patients with obesitylinked diseases 2 . Here, we found that pressure overload in adiponectin-deficient mice resulted in enhanced concentric cardiac hypertrophy and increased mortality that was associated with increased extracellular signal-regulated kinase (ERK) and diminished AMP-activated protein kinase (AMPK) signaling in the myocardium. Adenovirus-mediated supplemention of adiponectin attenuated cardiac hypertrophy in response to pressure overload in adiponectin-deficient, wild-type and diabetic db/db mice. In cultures of cardiac myocytes, adiponectin activated AMPK and inhibited agonist-stimulated hypertrophy and ERK activation. Transduction with a dominant-negative form of AMPK reversed these effects, suggesting that adiponectin inhibits hypertrophic signaling in the myocardium through activation of AMPK signaling. Adiponectin may have utility for the treatment of hypertrophic cardiomyopathy associated with diabetes and other obesity-related diseases.
Obesity is strongly associated with the metabolic syndrome, type 2 diabetes, hypertension and heart disease 1 . Pathological cardiac remodeling characterized by myocardial hypertrophy occurs with many obesity-related conditions 3, 4 , and diastolic dysfunction is one of the earliest clinical manifestations of insulin resistance 5 . But the molecular links between obesity and cardiac remodeling have not been clarified.
Adipose tissue can function as an endocrine organ by secreting adipocytokines that directly or indirectly affect obesity-linked disorders 6 . Adiponectin (also known as ACRP30) is a circulating adipose-derived cytokine that is downregulated in patients with obesity-linked diseases including type 2 diabetes, metabolic syndrome, coronary artery disease and hypertension 2, 7 . Adiponectin-knockout (APN-KO) mice show dietinduced insulin resistance, increased intimal hyperplasia after acute vascular injury, and impaired angiogenic responses to ischemia 2, [8] [9] [10] . Conversely, adiponectin overexpression reduces vascular lesions in a mouse model of atherosclerosis, and has vascular anti-inflammatory and proangiogenic effects. These data suggest that adiponectin acts as a modulator of obesity-linked vascular and metabolic disorders. But the role of adiponectin in the regulation of cardiac remodeling has not been examined previously.
To test the role of adiponectin in regulating cardiac hypertrophy, we subjected APN-KO mice to pressure overload caused by transverse aortic constriction (TAC). There were no significant differences in body weight or heart rate between APN-KO and wild-type mice after sham operation or TAC, and the increase in systolic blood pressure (sBP) after TAC was similar in wild-type and APN-KO mice (see Supplementary Table 1 online). By gross morphologic examination 7 d after TAC, APN-KO mice (as compared to wild-type mice) had increased left ventricular wall thickness typical of exaggerated concentric hypertrophy (Fig. 1a) . Echocardiographic measurements 7 d after TAC showed decreased left ventricular end-diastolic dimension (LVEDD) and increased interventricular septum (IVS) and left ventricular posterior wall thickness (LVPW) in APN-KO mice, as compared to wild-type animals ( Fig. 1b and Supplementary Table 1 online). The LVPW/LVEDD ratio increased markedly in APN-KO compared to wild-type mice after TAC, indicative of severe concentric hypertrophy. The calculated cardiac output was 14.1 ± 1.1, 16.2 ± 1.0, 14.0 ± 0.7 and 4.2 ± 0.2 ml/min in wild-type sham, wildtype TAC, APN-KO sham and APN-KO TAC, respectively. After TAC there was a small but statistically significant increase in heart weight/body weight ratio in APN-KO mice compared to wild-type animals (Fig. 1c) . In addition, the increase in myocyte cross-sectional area in Masson trichrome-stained sections was greater in APN-KO than wildtype mice (Fig. 1d) .
To confirm that the exaggerated hypertrophic response to pressure overload was a result of adiponectin deficiency, APN-KO and wild-type mice were treated with an adenoviral vector expressing adiponectin (Ad-APN) or with a control adenovirus (Ad-βgal), delivered through the jugular vein 3 d before TAC. At the time of surgery, adiponectin levels were 9.93 ± 1.08 µg/ml in wild-type control, 18.80 ± 1.02 µg/ml in wildtype Ad-APN, <0.05 µg/ml in APN-KO control and 11.10 ± 0.78 in APN-KO Ad-APN. Adiponectin is present in serum in trimer, hexamer or high molecular weight (HMW) forms 2 . The oligomer distribution of adenovirus-encoded adiponectin in the sera of APN-KO mice was similar to that of endogenous adiponectin in wild-type mice as determined by gel filtration analysis (Fig. 2a) . Ad-APN treatment attenuated the TACinduced changes in left ventricular morphology (increased IVS, increased LVPW) observed in APN-KO mice (Fig. 2b) . Ad-APN also decreased heart weight/body weight ratio and myocyte cross-sectional area in this model (Fig. 2c) . Mortality at 6, 7 and 14 d after TAC was higher in APN-KO compared to wild-type mice (Fig. 2d) , presumably as a result of the notable decrease in cardiac output after TAC in APN-KO mice.
Ad-APN treatment also attenuated the increased IVS and LVPW response to TAC in db/db mice, which lack a functional leptin receptor, a model of obesity and diabetes (Fig. 2e) . Finally, APN-KO mice subjected to angiotensin II (AngII) infusion exhibited increased IVS and LVPW compared to AngII-infused wild-type mice (Fig. 2f) . The increase in sBP after AngII infusion was similar in wild-type and APN-KO mice (130.8 ± 2.4 mmHg in wild-type versus 134.4 ± 3.1 mmHg in APN-KO mice). Ad-APN treatment attenuated the AngIIinduced changes in left ventricular morphology observed in both the APN-KO and wild-type mice (Fig. 2f) . Thus, adiponectin supplementation was antihypertrophic in several models of pathological heart growth.
To examine the effects of adiponectin in cardiac myocytes at the cellular level, ventricular myocytes obtained from rats were subjected to α-adrenergic receptor (αAR) stimulation with norepinephrine in the presence of propranolol (Pro) 11 , with or without the addition of recombinant adiponectin protein. αAR stimulation for 48 h caused an increase in myocyte size and protein synthesis that was associated with reorganization of sarcomeric actin (Fig. 3a,b) , and these effects were prevented by pretreatment with adiponectin. Adiponectin alone had no effect on myocyte size, protein synthesis or actin organization. Adiponectin treatment also suppressed AngII-stimulated myocyte hypertrophy (data not shown).
Gq-dependent activation of ERK is an important mediator of myocyte hypertrophy in response to pressure overload 12 and αAR stimulation 11 . Therefore, the effect of adiponectin on ERK phosphorylation at Thr202 and Tyr204 was investigated by western blotting. In vivo, ERK phosphorylation was similar in myocardium from sham-operated APN-KO and wild-type mice, whereas pressure overloadinduced ERK phosphorylation was enhanced in APN-KO compared to wild-type mice (Fig. 3c) . In cultured cardiac myocytes, αAR stimulation induced ERK phosphorylation that was suppressed by pretreatment with adiponectin (Fig. 3d) . Under the conditions of these assays, treatment with the MEK inhibitor U0126 reduced αAR-induced hypertrophy by 82% (P < 0.01 versus control), indicating that ERK inhibition by adiponectin contributes to the suppression of cardiac myocyte hypertrophy. Adiponectin treatment alone had no effect on ERK phosphorylation in cardiac myocytes. Adiponectin treatment also suppressed AngIIstimulated ERK phosphorylation (data not shown). The trimer form specifically suppressed αAR-stimulated ERK phosphorylation, whereas the hexamer or HMW forms of adiponectin had little effect (Fig. 3e) . The trimer form of adiponectin also blocked the increase in myocyte size caused by αAR stimulation (data not shown). In contrast, the HMW form of adiponectin appears to be specific for its vascular-protective actions 13 .
Because adiponectin functions to induce AMPK signaling in many cell types including skeletal muscle, liver, adipocytes and endothelial cells [14] [15] [16] [17] , the phosphorylation of AMPK at Thr172 of its α subunit was assessed by western blotting. Treatment with a physiological concentration of adiponectin stimulated the phosphorylation of AMPK in cultured cardiac myocytes in a time-dependent manner (Fig. 4a) . Among the three oligomeric forms of adiponectin, only the trimer stimulated AMPK phosphorylation (Fig. 4b) . Conversely, AMPK phosphorylation was attenuated in APN-KO compared to wildtype hearts in both sham operation and TAC conditions (Fig. 4c) . To test whether AMPK is involved in the inhibitory effects of adiponectin on myocyte hypertrophy, cultured cardiac myocytes were transduced with an adenoviral vector expressing a c-Myc-tagged dominant-negative mutant of AMPK (Ad-dnAMPK). Transduction with Ad-dnAMPK suppressed adiponectin-induced AMPK phosphorylation and acetylCoA carboxylase (ACC) phosphorylation (Fig. 4d) . Quantitative measurements of multiple blots revealed that Ad-dnAMPK reduced AMPK and ACC phosphorylation by 97% and 90%, respectively, at the 60-min time point (P < 0.01 versus control). Transduction with Ad-dnAMPK also prevented the inhibitory effect of exogenous adiponectin on αAR-stimulated myocyte hypertrophy and ERK phosphorylation (Fig. 4e,f) . Ad-dnAMPK alone had no effect on myocyte size, protein synthesis or ERK phosphorylation. Collectively, these data suggest that adiponectin exerts its inhibitory effect on hypertrophic signaling through activation of AMPK.
The present study shows that the fat-derived factor adiponectin can modulate cardiac remodeling. Concentric hypertrophy and diastolic dysfunction are frequently observed in diabetes and other obesity-related disorders that are associated with hypoadiponectinemia [2] [3] [4] [5] . The findings reported here suggest that hypoadiponectinemia may contribute to the development of pathologic cardiac hypertrophy in such patients, and that procedures to restore or increase plasma adiponectin levels could potentially be beneficial for the prevention of pathological cardiac remodeling in disorders associated with obesity. The ability of adiponectin to attenuate cardiac hypertrophy is likely due to its ability to stimulate AMPK-dependent signaling within cardiac myocytes 18 . AMPK is a stress-activated protein kinase that participates in the regulation of energy and metabolic homeostasis [19] [20] [21] . AMPK activity is increased during acute and chronic stresses such as hypoxia, ischemia and cardiac hypertrophy [19] [20] [21] [22] . Adiponectin can also stimulate AMPK signaling in endothelial cells 13, 17 , but no difference in capillary density was seen between wild-type and APN-KO hearts after TAC (data not shown), suggesting that changes in myocyte signaling mediate the cardioprotective actions of adiponectin. In cardiac myocytes, adiponectin-stimulated AMPK activation suppressed ERK activation, an important prohypertrophic signaling step 11, 12, 23 . These observations suggest that the adiponectin-AMPK signaling axis serves as a functional link between adipose tissue and the heart, and thereby influences the extent of cardiac remodeling in obesitylinked conditions.
METHODS

Materials.
Phospho-AMPK (Thr172), pan-α-AMPK and phospho-p42/44 ERK (Thr202/Tyr 204) and total ERK antibodies and U0126 were purchased from Cell Signaling Technology. Tubulin antibody was from Oncogene. Phospho-ACC (Ser79), ACC and c-Myc tag antibody were purchased from Upstate Biotechnology. L-norepinephrine, DL-propranolol and AngII were purchased from Sigma. Recombinant mouse adiponectin was prepared as described previously 17 . Adenovirus vectors containing the gene for β-galactosidase (Ad-βgal), full-length mouse adiponectin (Ad-APN), and dominant-negative AMPKα2 (Ad-dnAMPK) were prepared as described previously 8, 19 . The trimer, hexamer and HMW forms of adiponectin were prepared as described previously 13 .
Transverse aortic constriction. We used adiponectin knockout (APN-KO), wild-type and db/db mice in a C57/BL6 background 8 . Study protocols were approved by the Institutional Animal Care and Use Committee at Boston University. Mice, at the ages of 7-11 weeks, were anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally). The chest was opened, and following blunt dissection through the intercostal muscles, the thoracic aorta was identified. A 7-0 silk suture was placed around the transverse aorta and tied around a 26-gauge blunt needle, which was subsequently removed 24 . Sham-operated mice underwent a similar surgical procedure without constriction of the aorta. After 7 d, we subjected surviving mice to transthoracic echocardiography and cardiac catheterization to determine heart rate and proximal aortic pressure. Animals were then killed and the hearts were weighed.
Adenovirus-mediated gene transfer. We injected 2 x 10 8 plaque-forming units (p.f.u.) of Ad-APN or Ad-βgal into the jugular vein of mice 3 d prior to TAC. We performed echocardiography 3 d after surgery. We determined mouse adiponectin levels by ELISA kit (Otsuka Pharmaceutical Co. Ltd.). The oligomeric state of adiponectin was analyzed by gel filtration chromatography as described previously 13 .
AngII infusion. We subcutaneously infused AngII (3.2mg/kg/d) into APN-KO and wild-type mice using an implanted osmotic minipump (Durect Corporation). We transduced some mice with 2 x 10 8 p.f.u. of Ad-APN or Ad-βgal injected into the jugular vein. After 14 d, mice were subjected to transthoracic echocardiography and cardiac catheterization to determine heart rate and blood pressure.
Echocardiography. To measure left ventricular wall thickness and chamber dimensions, we performed echocardiography with an Acuson Sequoia C-256 machine using a 15-MHz probe. After we obtained a two-dimensional image, we measured M-mode images of the left ventricular posterior wall thickness. We calculated cardiac output by the cubed method (1.047 x (LVEDD 3 -LVESD 3 ) × heart rate).
Cell culture and adenoviral infection. Primary cultures of the neonatal rat ventricular myocytes were prepared as described previously 23 . The isolated myocytes were cultured in Dulbecco Modified Eagle medium containing 7% fetal calf serum. Before each experiment, we placed cells in serum-free Dulbecco Modified Eagle medium for 24 h. For the adiponectin stimulation studies, we treated with 30 µg/ml of mouse recombinant adiponectin for the indicated lengths of time.
Experiments for norepinephrine stimulation were performed by treating cells with 30 µg/ml of mouse recombinant adiponectin or vehicle for 30 min. We then treated cells with 2 µM of propranolol for 30 min and stimulated with 1 µM norepinephrine for the indicated lengths of time. In some experiments, we infected the cells with Ad-βgal and Ad-dnAMPK at a multiplicity of infection of 50 for 24 h before treatments. Myocyte surface area was assessed using semi-automatic computer-assisted planimetry (Bioquant) from two-dimensional images of unstained cells.
[ 3 H]-leucine incorporation was determined as previously described 24 . Immunohistochemical analysis. Mice were killed and left ventricular tissue was obtained 7 d after TAC. We embedded tissue in OCT compound (Miles) and snapfroze it in liquid nitrogen. We then prepared tissue slices (5 µm). Tissue sections were stained with hematoxylin and eosin or with Masson trichrome. We calculated the myocyte cross-sectional area by measuring 200 cells per section. To determine sarcomeric F-actin organization, we stained cultured myocytes with FITC-conjugated phalloidin (Sigma).
Western blot analysis. Heart tissue samples obtained on day 7 after surgery were homogenized in lysis buffer containing 20 mM Tris-HCl (pH 8.0), 1% NP-40, 150 mM NaCl, 0.5% deoxycholic acid, 1 mM sodium orthovanadate, and protease inhibitor cocktail (Sigma). We homogenized rat myocytes in the same lysis buffer. Protein (50 µg) was separated with denaturing SDS 10% polyacrylamide gels. After transfer of protein to membranes, we performed immunoblot analysis with the indicated antibodies at a 1:1,000 dilution. This was followed by incubation with secondary antibody conjugated with horseradish peroxidase at a 1:5,000 dilution. We used the ECL Western Blotting Detection kit (Amersham Pharmacia Biotech) for detection.
Statistical analysis. Data are presented as mean ± s.e.m. or s.d. as indicated in the figure legends. Statistical analysis was performed by student's t-test, Scheffe's F test and χ 2 analysis. A value of P < 0.05 was accepted as statistically significant.
